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ABSTRACT

Two production platforms and one non-production platform were studied to determine if
the effects of offshore petroleum development in the form of a produced water discharge could be
identified on the Louisiana continental shelf and placed in the context of natural, temporal
variability as caused by hypoxic bottom waters. Study sites were two platforms in the South
Timbalier block area in 20 m water depth, 3 km apart, one production (ST53A) and one non-
production (ST53B); and a production platform in the West Delta block area (WD32E) in 20 m
water depth, 74 km from ST53B. The reference site for WD32E was an open water station in
West Delta Block 33. A fourth platform (production, ST52C) was dropped from the study design
in July 1990. A reconnaissance cruise was conducted in April 1990, and field studies were
conducted mid-month in June through August 1990. Additional sampling was conducted in
September and October with ancillary funding from another agency. Continuously recording
oxygen meters were located in each study area (ST53B and WD32E).

The 1990 season of hypoxia at STS3A and ST53B was severe, in that hypoxia occurred
early and persistently in the spring, hypoxia was severe in the summer, long periods of anoxia
were documented, and the generation of hydrogen sulfide in bottom waters was recorded often.
The oxygen record for WD32E showed incursions in and out of hypoxic conditions, with no
extremely low levels for prolonged periods. The grain size distributions were considerably
different between the South Timbalier area (primarily silty sands) and the West Delta area
(primarily silts). The degree of variability among stations within a single study site was high, and
not always consistent with time.

The range of hydrocarbon concentrations was greatest at WD32E, and there were obvious
indicators of petrogenic origin hydrocarbons at selected stations during some months. In a few
instances at WD32E, analyte concentrations and summed PAH concentrations approached or
exceeded the threshold level where negative impacts on benthic infauna have been shown
previously. Hydrocarbon concentrations, in general, however, were low for most study sites
(even where sediments were silty) and were characterized as weathered petrogenic or biogenic in
nature. In general, there were no consistent spatial or temporal trends in hydrocarbon chemistry at
the three study sites.

There were significant and dramatic decreases in summer and fall in species richness and
abundance of organisms at ST53A and ST53B (severe hypoxia), but a more gradual decline in
benthic populations at WD32E (ephemeral hypoxia). The benthic communities at STS3A and
ST53B were similar to each other with regard to taxonomic composition and changes in dominance
of species through time; these communities were distinct from those of WD32E. Differences in the
benthic communities could be attributed to sediment characteristics and oxygen environments.

There were some indications of gradients in benthic community parameters at the two
production platforms, but these gradients were not always consistent in time, nor consistent with
distance from the platform, nor significant. However, there were no clear environmental signals at
any of the platforms with distance from the platform. There were indications that hydrocarbon
composition and concentrations at the two production platforms were different from the non-
production platform. Multiple regression analysis identified oxygen concentration, bottom water
temperature and salinity, and sediments as important environmental factors that explained the
variation in benthic community parameters of species richness and abundance. Production
discharge hydrocarbon concentrations were not significant in any of the models, but there were no
clear environmental signals related to these contaminants at any of the study sites.
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CHAPTER 1. EXECUTIVE SUMMARY

Natural variation in space and time has been one of the greatest problems encountered in
assessments of effects of petroleum production activities in a field setting. In the extensively
developed oil and gas production areas of the northern Gulf of Mexico, a major confounding effect
is seasonally intense and widespread hypoxic (dissolved O < 2 mg/1) bottom waters (Rabalais et
al. 1991b). The zones of hypoxic bottom water may cover 8000 to 9500 km?2 during mid-summer
on the inner continental shelf from the Mississippi River delta to the upper Texas coast. The
configuration of the area in most mid-summer surveys is a set of disjunct areas downfield of the
Mississippi River birdsfoot delta and Atchafalaya Bay. Critically depressed dissolved oxygen
conditions may occur in near-bottom waters nearly continuously from April through October on the
inner shelf of southeastern and southwestern Louisiana. On the southeastern shelf, the zones of
hypoxia are continuous, widespread, and persistent, and may include up to 40% of the lower water
column in 10-30 m water depth.

Several investigations of the impacts of oil and gas development in the coastal and offshore
regions of Louisiana have been complicated by the effects of hypoxia on the benthos. The most
notable examples are the Offshore Ecology Investigation (Ward et al. 1979), the Central Gulf
Platform Study (Bedinger 1981), and a produced water discharge study (Neff et al. 1989). Other
studies of gither the impacts of operational discharges (e.g. Middleditch 1981, Bedinger 1981,
Neff et al. 1989, Rabalais et al. 1991a, 1992a) gr the effects of hypoxia (e.g. Harper et al. 1981,
1991, Gaston 1985, Gaston et al. 1985, Murrell and Fleeger 1989, Rabalais et al. 1989, Boesch
and Rabalais 1991, Rabalais and Harper 1991, 1992, Rabalais unpubl. data) have demonstrated
that the effects of either hydrocarbon contamination or hypoxia can be identified in the sediments
and associated communities. One additional study of produced water discharges in a shallow,
erosive water column on the Louisiana inner shelf off Atchafalaya Bay (Rabalais et al. 1991a)
indicated that production platform effects were detectable even where large-scale natural processes
(albeit not hypoxia) were expected to obscure patterns. Based on these prior investigations and
concerns related to confounding effects on impacts studies, we hypothesized that the effects of
offshore petroleum development in the form of a production platform discharge could be identified
on the Louisiana continental shelf and placed in the context of natural, temporal variability as
caused by hypoxic bottom waters.

Several assumptions guided our research. First, it is highly probable that an area of the
southeastern Louisiana inner continental shelf, where there are extensive oil and gas production
activities, will experience hypoxic bottom waters during the summer season. Second, the
dissolved oxygen levels at two or more sites will be similar throughout the season of hypoxia in
concentration and duration. Third, benthic communities can be identified as being impacted by
hypoxia. Fourth, concentrations of contaminants can be identified in the sediments adjacent to a
production platform, and should be correlated with distance from the discharge.

As a result of these assumptions, we hypothesized that differences in the benthic fauna can
be identified as a gradient in distance from the production platform, that these differences will be
consistent across time, and that the relative importance of environmental variables that affect
benthic community variability can be identified.

A substantial problem evolved early in the determination of adequate study sites (see Table
1 in Section 3.1) that would provide the suitable experimental setting to answer the original
research questions. The eventual selection was two platforms in the South Timbalier area in 20 m
water depth, 3 km apart, one production (Unocal ST53A) and one non-production (Unocal
ST53B); and a production platform in the West Delta area (WD32E) in 20 m water depth, 74 km
from ST53B. The South Timbalier area was characterized by sandy silty sediments (less likely to
adsorb hydrocarbon contaminants), and the produced water discharge volume from ST53A was



5,550 bbl/d. The West Delta area was characterized by silty sediments (more likely to adsorb
hydrocarbon contaminants) and a produced water discharge volume of 20,000 bbl/d. ST53B was
the site of a permanent instrument mooring with a continuously recording oxygen meter; a
continuously recording oxygen meter was placed at the WD32E platform for a portion of the study
period (mid-June through mid-October).

Results from the reconnaissance cruise in April 1990 indicated that the original study
design was complicated by 1) dramatic variability in sediment characteristics with distance from the
platform at two potential study sites, and 2) the lack of a clear chemical contaminant signal
(concentration and expected gradient away from the platform) at two study sites. One platform
(Chevron ST52C) was dropped from the study design in July 1990. At this point, however, we
were compelled to continue focusing on the three selected platforms because of limitations of time
to complete the study and be underway for the 1990 summer hypoxia season and limitations of
resources to conduct further reconnaissance cruises. With data from the three sites, we assumed it
would be possible (in the event of minimal chemical signals and confounding effects of sediment
variability) to at least characterize the benthic communities from a variety of sedimentary regimes
where hypoxia is persistent and severe during the summer months.

Field studies were conducted in mid-month of April through August at three or four study
sites (additional collections were made in September and October under the auspices of another
funding agency). The focus of the study was refined in July to three study sites (ST53A, ST53B,
and WD32E as described above and listed in Table 1, see Section 3.1). Station distances from
each platform were placed as closely as possible to 20, 50, 100, 250, 750 and 1000 m intervals.
The STS3B platform served as a reference station for ST53A; an open-water station in West Delta
block 33 served as the reference station for WD32E. Standard collections at each study site were
hydrographic profiles, sediment samples for chemical analyses, and benthic organisms. Sediments
were analyzed in all months for grain size, total organic carbon; in April-August for saturated
hydrocarbons, semi-volatile hydrocarbons and trace metals; in selected months and stations for
radionuclides. Standard benthic community analyses were conducted on 0.023-m?2 hand-operated
Ekman grabs taken from a larger box corer (five replicates for each station each month). Statistical
techniques used were analysis of variance general linear model, Duncan's multiple range test, and
multiple regression techniques.

The 1990 season of hypoxia, as monitored off Terrebonne/Timbalier Bays and at ST53B
was severe, in that hypoxia occurred early and persistently in the spring, hypoxia was severe in the
summer, long periods of anoxia were documented, and the generation of hydrogen sulfide in
bottom waters was recorded often. Dissolved oxygen concentrations in bottom waters at ST53A
were similar to those at ST53B, where the instrument mooring was located. The oxygen record
for WD32E located 74 km away, on the other hand, showed incursions in and out of hypoxic
conditions, with no extremely low levels for prolonged periods. Oxygen conditions, therefore,
were substantially different between the South Timbalier and West Delta areas. Conditions at
South Timbalier could be characterized as severe and persistent, with effects expected on the
benthic community. On the other hand, conditions at West Delta could be characterized as
ephemerally hypoxic and not severe, with little impact expected on the benthic community. Thus,
another original assumption, that hypoxia would be similar at distant locations on the southeastern
shelf, was also not met, and we were unable to characterize the benthic communities from a variety
of sedimentary regimes where hypoxia was persistent and severe during the summer.

These numerous problems in appropriate study sites, lack of chemical contaminant signal
and lack of a gradient and consistent chemical signal when found, meant that we would be unable
to adequately test our original hypothesis. The unexpected differences in the oxygen environment
between WD32E and the South Timbalier area also complicated those comparative aspects of the
study. However, we did further document, under a set of environmental conditions, the signals of



production platforms in various habitats, and the effect of variable conditions of hypoxia on the
benthos. Further, we were able to identify the relative differences in environmental factors with
regards to explaining the variability in benthic community parameters.

The grain size distributions, as expected, were considerably different between the South
Timbalier area (primarily sandy silts) and the West Delta area (primarily silts). The degree of
variability among stations within a single study site was high, and not always consistent with time.
For example, sediments at ST53A were predominantly sandy silts with little clay fraction, but
substantially different sediments were often observed (e.g., anomalously low sand percentage at
1000 m in April and 100 m in June, or extremely high sand percentage at 50 m in July (see Section
5.2). There were no consistent gradients in sand/silt/clay percentages with time at ST53A. ST53B
was the most variable in space and time with non-uniform and high percentages of sand or clay that
were not consistent with distance from the platform nor sample period. Variability in sediments at
STS53A and ST53B complicated the interpretation of benthic community data. Sediments at
WD32E were composed primarily of silts, with the exception of stations closest to the platform (0,
20 and 50 m) where the sediment surface was impacted by sandblasting operations. At these
times, anomalously high percentages of coarse-grained sands were present. These sediment
differences so close to the platform complicated the interpretation of both chemical contaminant and
benthic infaunal data.

Minimal informative data were gleaned from the sediment radionuclide and trace metal
samples. Limited surficial sediments analyzed for the radionuclides Pb-210, Ra-226 and Ra-228,
indicated concentrations at or below typical coastal sediments. Elevated concentrations of Ra-226
at a few stations were not found in sediments associated with higher levels of petrogenic
hydrocarbons. There were no clear gradients in concentrations of metals away from the ST53A or
ST53B platform for the four months sampled. Values, in general, were lower for sediments at
ST53B than at STS3A. Metal concentrations clearly outside the limits of normalized Al
concentrations (Schropp et al. 1990) (Pb > 100 ppm and Zn > 100 ppm) were evident within 100
m of the WD32E platform, and were likely related to a platform activity or discharge.

Sediments at ST53A contained hydrocarbons in low concentrations of mostly a weathered
petroleum or biogenic nature. There were no clear spatial nor temporal patterns evident in the
distribution of hydrocarbons adjacent to the ST53A platform. Sediment hydrocarbons adjacent to
ST53B were similar in composition to those of ST53A, but generally lower in concentration.
Hydrocarbon concentrations had a greater range at WD32E than the study sites in the South
Timbalier area. The sediments at WD32E contained hydrocarbons mostly of a mixed weathered
petroleum and biogenic nature; there were certain stations, however, where the hydrocarbon
composition was distinctly petrogenic. There was also a trend for a greater predominance of
biogenic hydrocarbons with distance from the platform. With the exception of the June sampling
period, total saturated hydrocarbon concentrations for WD32E were similar to concentrations in
South Timbalier, despite the higher percentage of fine sediments at WD32E and the larger volume
discharge. There was a general decrease in the concentration of specific analytes and in summed
PAHs from April through August. The summed alkylated PAH concentrations at 50 and 100 m in
June exceeded the threshold level where negative impacts on benthic infauna have been shown
previously (Rabalais et al. 1991a).

In summary, the greatest range in hydrocarbon concentrations was observed at WD32E,
and there were obvious indicators of petrogenic origin hydrocarbons at selected stations during
some months. In a few instances at WD32E, analyte concentrations and summed PAH
concentrations approached or exceeded the threshold level where negative impacts on benthic
infauna have been shown previously. Hydrocarbon concentrations, in general, however, were
low for most study sites (even where sediments were silty) and were characterized as weathered
petrogenic or biogenic in nature. In general, there were no consistent spatial or temporal trends in
hydrocarbon chemistry at the three study sites.



There were significant decreases in summer and fall in species richness and abundance of
organisms. Decreases were dramatic at ST53A and ST53B during the period of severe
hypoxia/anoxia. The decline in benthic populations was gradual at WD32E throughout the summer
and early fall. There was a slight recovery in the benthic community at ST53A and ST53B during
October, but the decline in numbers of species and organisms continued at WD32E. Overall,
abundance was greater at ST53B in the spring and early summer. As hypoxia/anoxia set up in the
South Timbalier area and benthic populations declined, abundance of organisms became
significantly greater at WD32E. As populations continued to decline at WD32E into the fall along
with the slight recovery at STS3B, ST53B became the study site with the greatest abundance of
organisms. At ST53A and ST53B, the most dramatic reductions occurred when bottom water
oxygen levels fell below 0.5 mg/l. Oxygen levels seldom approached this level at WD32E, and
were never persistently low.

Although ST53A was consistently lower in number of species and individuals than ST53B,
these differences were not always significant. It is tempting to attribute these differences to the
consistently higher concentrations of produced water hydrocarbons at ST53A; however, a multiple
regression model with both study sites combined indicates that only the environmental variables of
oxygen concentration, temperature, salinity, sediments, and total saturated hydrocarbon
concentrations were significant in explaining the variation in species richness and abundance in the
South Timbalier study area.

The benthic communities at STS3A and ST53B were similar to each other with regard to
taxonomic composition and changes in dominance of species through time. Polychaetes were the
most common members of the community. The polychaetes Ampharete sp. A, Paraprionospio
pinnata, and Mediomastus ambiseta were common in spring and early summer. As hypoxia
progressed, the common species were reduced to the polychaetes, Ampharete sp. A and Magelona
sp. H, and the sipunculan Aspidosiphon sp. During August, only Magelona sp. H and
Aspidosiphon sp. maintained any significant population levels. During September and October the
overall increase in number of individuals was due primarily to the recruitment of Paraprionosopio
pinnata and Armandia maculata and sustained population levels of Magelona sp. H and
Aspidosiphon sp.

A large component of the benthic community at WD32E, on the other hand, was composed
of polychaetes, but there was a much greater diversity of other major taxa than at the stations in the
South Timbalier area. The benthic community at WD32E was diverse, with a complement of
pericaridean crustaceans, bivalves, gastropods, and other taxa, not usually representative of the
silty sediments. Mediomastus ambiseta and Paraprionospio pinnata were dominant for most
months. An increase in Armandia maculata was observed in August. Changes in several dominant
species through time were evident with Prionospio cristata, Nephtys incisa, Magelona sp. 1,
Magelona sp. H, Ampharete sp. A, and Owenia fusiformis.

There were some gradients in benthic community parameters that were consistent through
time. For example, species richness and abundance were generally lower at the 20 m station at
ST53A. The remainder of the stations grouped with 250 m, 500 m, 750 m and 1000 m having the
most species and individuals, and with stations at 50 m and 100 m being intermediate. These
trends were not always significant, nor consistent through time. Also, no environmental variable
analyzed showed the same consistent pattern with distance from the platform. No gradient with
distance from the platform was evident in the benthic community at the non-production platform,
ST53B, and there were usually no significant differences with distance from the platform.
Hydrocarbon concentrations were also lower at this study site. Benthic community parameters
were significantly different (in most cases) by station at the WD32E platform, but these differences
were not related to distance from the platform and were not consistent across time. Stations at 20
m and 50 m, in general, has more species and individuals than the other stations, but these
differences were probably related to platform effects based on the type of fauna in the samples. In



April, higher values for number of individuals at 20 m, 50 m and 100 m were related to
abundances of Mediomastus ambiseta and Tubificidae A, both indicators of organic enrichment.
Tubificids were uncommon in the remainder of the study and at the other study sites.

Variability in the benthic community parameters of species richness and abundance was
explained by differing combinations of the environmental variables of oxygen and related water
temperature and salinity, sediments, and total saturated hydrocarbons. The environmental variable
of bottom water oxygen concentration was important in both models for ST53A and one each for
ST53B and WD32E. In the case of STS3A and ST53B, there was more of a threshold effect,
whereby numbers of species and individuals were dramatically reduced when the oxygen
concentration fell below 0.5 mg/l. Sediment characteristics were incorporated in the models for
ST53B but were inconsistent with benthic community paradigms (i.e., percent sand was negatively
correlated to diversity and abundance). Contrary to many benthic studies, grain size distributions
were not always paramount in explaining the variation observed in the benthos (e.g., Unocal
ST53A); however, the relationship with oxygen was strong for that study site and sediment
variability was minimal at STS3A. At only one study site, ST53B, were any hydrocarbon
variables significant in the models that explained variability in species richness and abundance.
The variable of total saturated hydrocarbons was positively related to species richness and
abundance, perhaps indicating an enhancement effect of the biogenic-type hydrocarbons present in
the sediments at the distal ends of the ST53B transect. As noted earlier, however, the
concentration of saturated hydrocarbons at the ST53B study site (non-production platform), was
much less than the other two study sites (both production platforms). Neither of the variables that
would indicate the presence of produced water origin hydrocarbons (summed alkylated PAH and
FFPI) were significant in any of the models. The potential for effects within 100 m of the WD32E
platform were masked by the platform-related grain size distribution differences and other potential
platform effects that would increase diversity and abundance.

Thus, there were some indications for gradients in benthic community parameters at the
two production platforms, but these gradients were not always consistent in time, nor consistent
with distance from the platform, nor significant. However, there were no clear environmental
signals at any of the platforms with distance from the platform. There were indications that
hydrocarbon composition and concentrations at the two production platforms were different from
the non-production platform. Multiple regression analysis identified oxygen concentration, bottom
water temperature and salinity, and sediments as important environmental factors that explained the
variation in benthic community parameters of species richness and abundance. Production
discharge hydrocarbon concentrations were not significant in any of the models, but there were no
clear environmental signals related to these contaminants at any of the study sites.



CHAPTER 2. INTRODUCTION

Natural variation in space and time has been one of the greatest problems encountered in
assessments of effects of petroleum production activities in a field setting. In the extensively and
intensively developed oil and gas production areas of the Gulf of Mexico, several studies of the
effects of offshore petroleum development have suffered from lack of knowledge of the natural
variability in the system, as well as 1) inadequate sample design and 2) the confounding effects of
the Mississippi River as a source of turbid fresh water and anthropogenic pollutants, seasonally
intense and widespread hypoxic bottom waters (dissolved O; < 2 mg/l), and storm events (Boesch
and Rabalais, 1987). Still, within this area, differences in hydrocarbon contamination of
sediments are evident, particularly where there are large amounts of operational discharges, i.e.,
produced waters (Middleditch 1981, Bedinger 1981, Neff et al. 1989, Rabalais et al. 1991a,
1992a). Also, studies of benthic macroinfaunal communities in areas of hypoxia on the Louisiana
and Texas continental shelf (Harper et al. 1981, 1991, Gaston 1985, Gaston et al. 1985, Boesch
and Rabalais 1991, Rabalais and Harper 1991, 1992) have shown that we can identify the effects
of hypoxia. These effects vary with the duration and intensity of low oxygen concentrations. The
overall objective of our research program was to test whether the effects of hypoxia could be
separated from the effects of petroleum production contaminants incorporated in the sediments.

2.1 Hypoxia on the Louisiana Continental Shelf

The largest, most severe, and most persistent zone of hypoxia (operationally defined by
dissolved oxygen levels of < 2 mg/l, based on effects on local biota) in the U.S. coastal waters and
the western Atlantic Ocean is found in the northern Gulf of Mexico on the continental shelf off
Louisiana (Rabalais et al. 1991b). The zones of hypoxic bottom water in the northern Gulf of
Mexico may cover 8000 to 9500 km? during mid-summer on the inner continental shelf, from the
Mississippi River delta to the upper Texas shelf (Figure 1). The configuration of the area in most
mid-summer surveys is a set of disjunct areas downfield of the Mississippi River birdsfoot delta
and Atchafalaya Bay, although a continuous band was mapped in July 1985. Critically depressed
dissolved oxygen conditions may occur in near-bottom waters nearly continuously from April
through October on the inner shelf off southeastern (Turner and Allen 1982a, Rabalais et al.
1991b, 1992b) and southwestern Louisiana (Pokryfki and Randall 1987). The zones of hypoxia
are continuous, widespread, and persistent, and may include up to 40% of the lower water column
in 10-30 m water depth.

The Mississippi River system discharge creates strongly stratified nearshore waters, which
flow westward and southward along the Louisiana and Texas coasts. A strong seasonal
correlation is apparent between Mississippi River discharge and coastal hydrographic variability
(Geyer 1950, Dinnel and Wiseman 1986, Wiseman et al. 1990). The resulting stratification is
strongest in spring, during high river runoff, and summer, when wind mixing is weak and solar
heating is strong. The summer insolation contributes to a seasonal thermocline. The halocline and
thermocline, together, form a seasonal pycnocline. The relationships between surface salinity and
sigma-t gradients on the inner to middle Louisiana shelf are positive and strong (Rabalais et al.
1991b). Low oxygen conditions in bottom waters on the Louisiana shelf are coincident with
strong density stratification. As the differences in density from the surface-to-bottom become
greater through the warmer months, the differences in oxygen concentration from surface-to-
bottom also increase (Figure 2). Very often, the near-bottom seasonal pycnocline that is thermally
controlled caps off the most severely oxygen-depleted bottom waters (Wiseman et al. 1992). The
importance of strong stratification in the buildup and maintenance of low oxygen bottom waters
was evident in 1988 during record low flow of the Mississippi River, when areas of bottom water
seriously depleted in oxygen were minimal in mid-summer (Rabalais et al. 1991b). Stratification
over the inner shelf can be readily broken down by storm driven mixing (Wiseman et al. 1986).
This process, dominant in winter or during tropical storms and hurricanes, effectively reaerates the
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deeper waters. Weaker mixing events, which do not fully destroy the stratification, are also
reflected as increased bottom oxygen concentrations.

The principal source of organic matter in the bottom waters and sediments of the northern
Gulf of Mexico shelf is from phytoplankton production in surface waters (Gearing et al. 1977,
Thayer et al. 1983, Rabalais et al. 1992c). Whether the phytoplankton production originates in situ
on the continental shelf, or is derived from the coastal boundary layer, from the Mississippi and
Atchafalaya River plumes, or a combination of these is not clear, nor is there a straightforward
relationship between surface chlorophyll a levels and bottom water hypoxia. We would not expect
a close coupling in time and space because the surface distribution of water masses, including
phytoplankton biomass, responds to freshwater inflow, currents, and winds over short time
scales. Cross-correlation analysis shows a significant correlation of oxygen deficit in the bottom
waters with river flow, implying a time-lag of two months (Justic et al. submitted). Further, net
production in the surface waters shows a strong one-month lag with river flow, implying that
fluxes of organic matter resulting from "new" primary production are potentially high, and may be
sufficient to induce hypoxia in a highly stratified water column. The net primary productivity is
highly dependent on nutrients coming from the river (Justic et al. submitted), and it is likely that
riverine water quality changes will ultimately change the frequency, extent and duration of hypoxic
events (Justic' et al. submitted, Turner and Rabalais 1991).

Irrespective of the source, the amount of phytoplankton biomass in the water column
across the Louisiana inner and middle continental shelf is high. There are some indications of the
coupling of surface production with the accumulation of organic material in the bottom waters
(Rabalais et al. 1991b) and the sediments (Rabalais et al. 1992c). In addition, the respiration rate
in these waters is proportional to phytoplankton pigment concentration (Turner and Allen 1982b),
and respiration rates within the lower water column where hypoxia is prevalent are sufficient to
drive the dissolved oxygen concentration to zero within a short period (Dortch et al. 1992). The
consumption of oxygen far exceeds the reaeration rates from the surface layers, especially in the
presence of strong stratification during the summer months. The fact that anoxia (or no oxygen) is
seldom documented, suggests that mechanisms exist for resupply of oxygen to the bottom layer.

2.2 Prior Studies

Regions of hypoxic bottom waters have been detected along portions of the Louisiana-
Texas coast every summer since 1972 (see reviews of Dennis et al. 1984, Rabalais et al. 1985,
1991b, Renaud 1985, 1986). Prior observations are few, but anecdotal evidence indicates hypoxia
also developed during earlier years (W. Forman, G. Gunter, pers. comms., Gaston 1985). Until
the systematic studies of Rabalais et al. (1991b, 1992b) beginning in 1985, a comprehensive
picture of the temporal and spatial distribution of shelf hypoxia was lacking. Most prior data were
collected in regionally limited and short-term studies. Many of these earlier accounts of hypoxia
were documented in conjunction with environmental assessments of oil and gas activities, oil
offloading facilities (LOOP-Louisiana Offshore Oil Port), brine disposal sites of the Dept. of
Energy Strategic Petroleum Reserve Program, and broadscale fisheries distributions (SEAMAP-
Southeast Area Monitoring and Assessment Program of the Gulf States Marine Fisheries
Commission).

The Gulf Universities Research Consortium (GURC) Offshore Ecology Investigation
(OEI) was the first large investigation of the long-term impacts of oil and gas development in the
coastal and offshore regions of Louisiana (Ward et al. 1979). Sampling was conducted between
1972 and 1974 in the Timbalier Bay and offshore areas of Louisiana. Extremely low levels of
dissolved oxygen were found during the OEI-GURC study in 1973-1974 (Oetking et al. 1974)
which confounded the interpretation of results. The benthic studies of the OEI-GURC program,
however, were replete with methodological problems including lack of replication, different
methodologies for various taxonomic groups, omission of important taxonomic groups, poor
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coordination with measurements of critical environmental factors, especially hydrocarbons,
insufficient sampling to encompass the variability of the system, and poor study design (Sanders
1981, Carney 1987).

The Central Gulf Platform Study was conducted during 1978-1979 to define the long-term
cumulative impacts of extensive oil and gas development along the southeastern Louisiana coast in
the region of offshore platforms (series of reports edited by Bedinger 1981). Much improved over
the predecessor OEI-GURC study, the Central Gulf Platform Study successfully linked faunal and
environmental data, but conducted and presented a bewildering series of sampling methodologies
and statistical analyses that voided conclusions 1) that any faunal variation due to petroleum activity
could not be separated from that due to periodic, major environmental fluctuations, and 2) there
were effects due to chronic levels of some chemicals (Carney 1987). A sampling design existed
that was conducive to the use of analysis of variance, but the possible differences were not tested
(Carney 1987). Extremely sensitive techniques for resolving hydrocarbons in the sediments,
allowed several general conclusions for the study area: 1) absolute levels of contaminants were
higher in areas with very fine sediments vs. sandy, 2) platforms with high levels of contaminants
associated with multiple and long-term discharges of produced waters showed definite trends of
decreasing hydrocarbon contamination up to 2000 m from the platform, 3) where concentrations
were lower, increased contaminant concentrations were confined closer to the platform, 4) even
where absolute levels of hydrocarbons were extremely low, it was possible to discern polluting
platforms, and 5) the entire region is contaminated with pollutants from man's activities (Bedinger
1981). With regard to hypoxia, Bedinger (1981) mentioned frequently low dissolved oxygen
levels in the study area, the limitations of the study to adequately define the long-term monthly or
even seasonal variation in the levels, and the potential effects on the benthic fauna. Conclusions
from the benthic studies were that oxygen depletion, the freshwater, sediments, natural organic
materials and contaminants in the Mississippi River outflow, and tropical storms affect the study
area to such an extent that showing significant population differences definitely attributable to
platform operations could not be accomplished with the study. The study design, however, did
not incorporate the temporal or spatial sampling necessary to identify the inherent variability of the
system, nor were dissolved oxygen measurements sufficient to characterize the area. In fact, the
protocol for hydrographic casts in the Central Gulf Platform Study was for surface and subsequent
10-m interval discrete samples that often left the near-bottom waters unmeasured.

The produced water discharge study of Neff et al. (1989) at Eugene Island Block 105 in
approximately 8 m water depth characterized the benthic fauna as pioneer communities
characteristic of disturbed environments. This community was dominated by one or a few species
which were short-lived opportunistic species. Juvenile forms were very abundant, representing
more than 50% of the total individuals of several species, yet species diversity was moderate to
high at all stations. They deduced that the benthic community structure throughout the area was
controlled in large part by factors such as high suspended sediment loads attributable to the
Mississippi River outflow and periodic bottom water hypoxia. Still, they were able to say that
there was an indication that benthic communities within about 20 m were influenced by sediment
contamination, probably derived from produced water discharges. The study area was visited in
late March and early October 1986, during which time the water column was well-mixed and
dissolved oxygen concentrations were at or near saturation throughout. In my opinion, the benthic
community composition described by Neff et al. (1989) indicates a relatively diverse community at
both the specific and broader taxonomic levels, which captured a recruitment event of the capitellid
polychaete Mediomastus ambiseta, especially in the spring collection. The dissimilarity of this
community with those on the southeastern Louisiana shelf (Murrell and Fleeger 1989, Rabalais et
al. 1989, Boesch and Rabalais 1991, Rabalais unpubl. data) indicates very little exposure of this
community to severe or persistently low oxygen conditions. A candidate study site, Ship Shoal
Block 114 in 12 m water depth, was omitted, because there was a strong indication in July 1985 of
an extremely depauperate benthic infauna attributable to bottom water hypoxia, so that it would be
difficult or impossible to detect any impacts attributable to produced water discharges. Because
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of the focus of the program to identify impacts of produced waters on benthic communities, there
was no opportunity to examine the interaction of chemical contaminants and hypoxia, nor to
resolve the temporal variability necessary to identify the impacts of hypoxia alone.

A few benthic studies on the Louisiana and Texas shelves have benefitted from adequate
time series to identify benthic community impacts related to low oxygen events (Harper et al. 1981,
1991, Gaston 1985, Gaston et al. 1985, Murrell and Fleeger 1989, Rabalais et al. 1989, Boesch
and Rabalais 1991, Rabalais and Harper 1991, Rabalais et al. unpubl.), but these studies were not
conducted in conjunction with efforts to determine the impacts of production platform effluents.
Two of the studies (those of Harper and colleagues and those of Gaston and colleagues) were
designed for brine disposal sites of the Strategic Petroleum Reserve Program at Bryan Mound,
offshore Texas and West Hackberry, offshore southwestern Louisiana, respectively. The Bryan
Mound site off Freeport, Texas is located in an area where hypoxia occurs infrequently, but the
event in June-July 1979 was prolonged and severe enough for the production of hydrogen sulfide
into the water column above the sediment-water interface (Harper et al. 1981, 1991). During this
period, benthic infauna declined precipitously. Other, less severe, hypoxic events may have
occurred in 1982-1984. The 29-month study documented patterns of recovery in benthic
communities in 15- and 21-m water depth following the initial impact, and provided an excellent
documentation of the natural variability inherent in the system (Harper et al. 1991). The West
Hackberry site, off Cameron, Louisiana is located in an area that experiences hypoxia, but in
episodic events, less severe, less prolonged, and less extensive cf. the southeastern Louisiana
coast where hypoxia is a severe, extensive, and prolonged annual occurrence (Gaston 1985,
Pokryfki and Randall 1987, Rabalais et al. 1991b, 1992b). The benthic infauna at West
Hackberry was dramatically reduced for most species following hypoxia in June-August 1981,
with the exception of the polychaete Magelona cf. phyllisae (= Magelona sp. H) which increased in
numbers, cf. Bryan Mound where this species along with all polychaetes was severely reduced.
As with the Bryan Mound study site, the amphipod crustaceans at the West Hackberry site (14-mo
study) were dramatically reduced the year following the hypoxic event (Gaston 1985, Harper et al.
1991).

On the southeastern Louisiana shelf the meiofaunal and macrofaunal communities were
examined at a single station for a 16-mo period encompassing two periods of hypoxia in 1985 and
1986 (Murrell and Fleeger 1989, Rabalais et al. 1989, Boesch and Rabalais 1991, Rabalais
unpubl. data). In both cases, the communities were reduced, more severely in 1985 when oxygen
levels fell lower than in 1986. Of the meiofaunal community, hypoxia virtually eliminated
populations of benthic copepods and kinorhynchs, with extensive recovery not occurring until the
following winter. Heavy mortalities occurred in the macroinfauna in both 1985 and 1986, with the
persistence of a population of the polychaete Magelona cf. phyllisae (= Magelona sp. H) in 1986.
Also, recruitment and increases in populations on the southeastern Louisiana shelf did not occur
after the cessation of hypoxia, cf. the upper Texas coast and the southwestern Louisiana shelf, and
did not begin until the following spring. The reason for this delay may be related to the fact that
the southeastern Louisiana site lies within a large area which experiences persistent hypoxia
virtually every year, cf. episodic and ephemeral events at the other sites. Also, at the southeastern
Louisiana site, amphipod populations were very sparse at all times, cf. reductions with slow
recoveries at the Bryan Mound and West Hackberry sites, perhaps again reflecting the persistent
and widespread hypoxia on the southeastern Louisiana shelf.

Results from the Eugene Island Block 18 study area of the produced water discharge
studies of Rabalais et al. (1991a), indicated that even in a shallow, erosional environment under the
direct influence of the sediment-laden freshwater effluent of the Atchafalaya River, produced water
hydrocarbon contamination was detectable out to 200 m from the platform. Also, statistically
significant differences in benthic communities extended to 300 m from the platform and were
consistent across time (the May and November 1989 sample dates). Large-scale natural processes
i.e., shallow, erosive water column and high flushing potential of the Atchafalaya River flow,
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were expected to dilute and transport the produced water contaminants and obscure patterns of
impact. The high silt content of the sediments, large volume discharge, and high volatile loadings
at the site may be factors in the larger area of impact. Regardless, impacts were observed where
features of the environment (albeit not hypoxia, but similar in expectations) were predicted to
obscure patterns.

2.3 Guiding Hypotheses

The continental shelf of the southeastern Louisiana coast is the site of extensive oil and gas
production activities as well as the largest area of seasonal near-bottom hypoxic waters in the
coastal United States and the western Atlantic (Rabalais et al. 1991b). Studies of the
environmental effects of offshore oil and gas development on the Louisiana shelf have been
confounded by natural phenomena such as seasonal hypoxia (Ward et al. 1979, Bedinger 1981,
Neff et al. 1989). We hypothesized that the effects of offshore development could be identified
and placed in the context of natural, temporal variability, in this case as caused by hypoxic bottom
waters. Several assumptions guided our research:

1. Itis highly probable that an area of the southeastern Louisiana inner continental shelf,
where there are extensive oil and gas production activities, will experience hypoxic bottom waters
during the summer season.

1.a. The near-bottom dissolved oxygen levels at two sites on the southeastern
continental shelf in similar water depths will be similar throughout the season of hypoxia, in
concentration, and

1.b. in duration.
2. Benthic communities can be identified as being affected by low oxygen conditions, by

2.a. abundance,

2.b. number of species,

2.c. taxonomic composition and
2.d. age and size class structure.

3. Concentrations of contaminants can be identified in the sediments adjacent to an
offshore production platform and should be correlated with distance from the discharge

As a result of these assumptions, we hypothesized that differences in the benthic fauna can
be identified as a gradient in distance from the production platform, that these differences would be
consistent across time, and that the relative importance of the environmental variables that explain
benthic community variability can be identified.
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CHAPTER 3. STUDY DESIGN
3.1. Study Areas

Our original project goals were to locate two oil and gas production platforms within 50 to
100 km of each other in a 20- to 30-m depth range off Terrebonne and Timbalier Bays as study
sites. The intent was for the two sites to have dissimilar volume discharges and for each to have an
oxygen meter deployment. A third, nearby site was to serve as a "reference” point. An initial
reconnaissance of study sites during the summer of 1989 was to be made to determine general
patterns of variance in faunal, chemical and environmental parameters. A reduced scope of the
original research plan called for a concentration of effort on a single production or "primary" site
with a reduced effort at a "reference” site. During the second year, monthly surveys during the
period of hypoxia (June, July and August) were to be conducted at the two study sites. Several
complicating factors compromised the original study design. The resulting selection of study sites
was less optimal than needed to answer the questions raised in the original proposal; however, a
broader understanding of the fate of pollutants and the impacts of hypoxia were obtained for a
range of study sites.

3.1.1 Selection of Sites

The selection process for suitable study areas began in the fall of 1989 with a request to the
U.S. Minerals Management Service, Gulf of Mexico OCS Regional Office, for information on oil
and gas platforms on the southeastern Louisiana continental shelf within the depth range of
interest, within the area of recurring hypoxia (based on 5 years of mid-summer surveys by
Rabalais and colleagues), and within a suitable distance from the proposed reference site. The
reference site, Station C6A (Figure 3) of the hypoxia studies of N. N. Rabalais, R.E. Turner and
W.J. Wiseman, Jr., was dictated by an instrument deployment with oxygen meter funded from
other sources (LEQSF and NOAA NECOP). This is the location of an inactive Unocal platform
(South Timbalier Block 53B) at which an instrument deployment was in place from March through
December 1989, and again deployed in March 1990 for the remainder of the year. Hydrographic
profiles at C6A and adjacent stations of the hypoxia studies of Rabalais and colleagues indicated
similar dissolved oxygen levels in the near-bottom waters at adjacent stations (C5 and C6, see
Figure 3). These stations were also the sites of production platforms, and, thus, candidates for a
discharge site.

The MMS Gulf of Mexico OCS Regional Office provided a computer printout of platforms
in the lease blocks requested of block, platform name, year installed, latitude, longitude, and water
depth, along with a map of the platforms by lease block. A subsequent request was made for
information concerning the discharges of the platforms on the original listing. Cross-listings of the
platforms in the two printouts was complicated by the fact that one listing was by lease block and
platform name and the second was by lease number. The lists were narrowed to approximately 50
platforms as potential study sites. We then needed to determine whether a produced water
discharge was actually occurring at the platform and the volume of the discharge. This information
was sought from the U.S. Minerals Management Service, Denver office, and confirmed by the oil
companies which operated the platforms. All parties concerned (MMS, Conoco, Mobile, Shell,
Exxon, Unocal, Chevron and Kerr-McGee) were most helpful in providing information; however,
we were delayed in final selection of potential study sites until April 1990 by the disjunct sources
of information and non-conformity of site information.

The next step was to focus on those platforms of primary interest and request oil company

permission for conducting our study and for the deployment of an additional oxygen meter at the
base of a platform. The potential study areas are listed in Table 1 and shown in Figure 3.
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Figure 3. Location of Shell's West Delta 32A&D complex with platform E, a reference station (R)
in WD33 block, Unocal's South Timbalier 53A complex and ST53B, and Chevron's
South Timbalier 52A complex with platform C. Platforms indicated by dark squares;
circled platforms are those with produced water discharges. MMS lease blocks are set
within the general area of hypoxia studies (Transects A'-C) of Rabalais et al.
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Table 1. Study areas.

Company Lease Water Volume Sediment
Block Depth Discharged Type
Shell Offshore West Delta 32E 20 m 19,000 bbl/d silt
(oxygen meter)
= WD32E
Unocal South Timbalier 20m 5,550 bbl/d sandy silt
53A and A-Aux.
=Unocal A and C6
Unocal South Timbalier 53B 20m inactive variable;
(oxygen meter and sandy silt and
instrument mooring) silty sand
= Unocal B and C6A
Chevron USA South Timbalier 52 20m 20,000 bbl/d sandy silt
A and C complex
=STS52C

Two of the above named platforms, Unocal's South Timbalier 53A and A-Aux. and
Chevron's South Timbalier 52A complex, are in close proximity (< 7 km) to the ongoing
instrument mooring at Unocal's South Timbalier 53B platform (=C6A of hypoxia studies). One of
the two (Chevron's ST52A complex) had a much larger produced water discharge (20,000 bbl/d
versus 5,000 bbl/d). The Shell platform in West Delta 32, while significant in produced water
discharged, was located closer to the Mississippi River effluent and in a different sedimentary
regime than those of the South Timbalier area. The WD32E platform was also located 74 km
distance from the primary instrument mooring at ST53B. Sediments in West Delta 32 are
predominantly silts (85 to 90%) while those of the South Timbalier 52 and 53 lease blocks were
predominantly silt and sand mixtures of extreme variability. Thus, a dilemma was posed in a
tradeoff between a large discharge that may provide more of an environmental signal in sediments
of smaller size fraction (Shell's West Delta 32E platform) versus a large discharge (Chevron's
ST52A complex) or a smaller discharge (Unocal's ST53A and A-Aux.) in a sedimentary
environment that would be less likely to record chemical contaminants, but that was located close
to an existing instrument mooring and where similar oxygen levels has been recorded in near-
bottom waters.

A second dilemma was posed with the information from Unocal that the ST53A and A-
Aux. was scheduled for exploratory drilling in the area in 1990, and that the STS3B inactive
platform was scheduled for removal in 1991. An additional problem, not related to study design,
was in the delay in obtaining final approvals for conducting the studies around the various
platforms.

In our initial study design, we envisioned a primary study site with four quadrats and seven
radii each. The reference site was to have two quadrats and three radii each. The primary and
reference sites were to be in close proximity to each other. Because of constraints placed on our
sampling design around Chevron's ST52A complex, the dilemma posed by two suitable but
different study areas, and limitations in ship funding for the initial survey; we chose to sample a
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single quadrat with seven radii each on four separate platforms. The platforms were each of those
listed in Table 1.

3.1.2 Initial Reconnaissance Cruise

The research cruise was conducted on 17-19 April 1990 aboard the LUMCON R/V
Pelican. Aside from the usual problems encountered at sea during research cruises, this cruise was
hampered in several ways. The R/V Pelican had difficulty at times in obtaining Loran C fixes
while in the shadow of the platform and at certain times of the day. The research vessel also had
difficulty in maintaining a buoy on the location and in maintaining the ship next to the buoy while
the box coring was in progress. All of these difficulties were magnified by a cold front passing
through the study area during the first night's operations and then backing up onto the study area
and staying there during the second and third day's operations. Position of the ship close to the
platforms for stations at 20- and 50-m from the structure were also hampered by the sea
conditions.

Stations at Chevron's ST52A complex were confined by Chevron to a single transect at
15°NNE. This was to avoid the pipelines entering the complex. Unfortunately, this was not in the
direction of the supposed dispersion of an effluent from the ST52C production platform. Current
meter measurements at ST53B during mid-April through June 1989 indicated strong surface
currents (mean of 3 cm/s) from the east for a majority of the record with speeds approaching 30
cm/s for several days in the record. This would indicate a steady current from the east at that time
and potential dispersion towards the west from the platform. Sampling at Chevron's ST52A
complex was further complicated by the shell hash that covered the bottom at stations 50- and 100-
m distance from the platform. Box coring was difficult at the 100-m station and impossible at the
50-m station. Because of the sea state and the seabed conditions, samples were not attempted at
the 20-m station. The benthic community at the 100-m station was more typical of a hard substrate
than the soft bottom benthic community that was collected at the 250-m station. Thus, while the
Chevron ST52A complex had a large produced water discharge, the substrate and the quadrat
limitations did not make it a suitable study area.

Sampling around ST53A and A-Aux. was successful in that all samples were collected.
Sediments were more uniform around this platform that at Chevron's ST52A complex. This
platform, however, had a much smaller produced water discharge.

Sampling around the reference area, ST53B, was conducted on a quadrat to the SW in
order to avoid the instrument mooring off the NE leg of the platform. There were no difficulties
encountered in obtaining samples from around this platform; although there was considerable
variability in the sediment texture for the three stations sampled.

Sampling around the Shell WD32E platform was complicated by activities on the platform.
Sandblasting and painting were in progress on the platform while we were on station. Sediments
from the stations closest to the platform indicated that the sand from the sandblasting operations
were the predominant sediments on the seabed. Sediments beyond 50 m were more typical of the
silts expected. There were also indications of hydrocarbon contamination at the 50-m station (oily
sheen seen while washing the benthic samples). Only five stations were sampled at WD32E rather
than seven. The 750-m and 1000-m stations were dropped, due to time limitations. A reference
station for this platform was taken in the West Delta lease block 33, about 2.6 km to the west of the
WD32E platform in an area where there were no other platforms currently located. A suitable
reference station would have been difficult to locate in the West Delta 32 block which had several
platforms with discharges.
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3.1.3 Final selection

Preliminary chemical analyses for hydrocarbons and trace metals were completed for the
samples collected during the April reconnaissance cruise so that changes in study design could be
implemented before or during the hypoxia cruises. The time frame of the season of hypoxia and
logistical constraints, however, did not allow for a complete redesign in sampling strategy.

As aresult, a substantial problem evolved in the determination of adequate study sites in
order to answer the original research questions. As noted above, four study sites were sampled in
the original reconnaissance cruise. One (STS53B) was the reference area for two platforms (STS3A
and A-Aux. and ST52A and C complex) with substantially different volumes of produced water
discharged. These three platforms are located within an area of the continental shelf where
background information existed, where an instrument mooring was located, but where the surficial
sediments were less likely to incorporate a chemical contaminant signal. The fourth platform
(WD32E) had a substantial discharge, was located within a sedimentary environment where
contaminants were more likely to be adsorbed to the sediments, but was located at a considerable
distance and in a different sedimentary environment than the preferred reference station with the
instrument mooring. It is possible that another platform complex other than those surveyed in the
initial reconnaissance cruise may have been a better study area. Other platforms considered,
however, were not in the correct depth range or had smaller produced water discharge volumes.
We did not consider any platforms west of the South Timbalier lease blocks.

Limitations of time and resources led us to continue focusing on the originally selected four
platforms. With data from these, it would be possible (in the event of minimal chemical signals) to
at least characterize the benthic communities from a variety of sedimentary regimes where hypoxia
is persistent and severe during the summer months.

After the initial reconnaissance which showed the lack of a contaminant gradient along the
15°NNE heading from the Chevron ST52C production platform, and after examining a pipeline
drawing, we obtained permission from Chevron to conduct sampling along a different quadrat in
June. Results from the June sampling along the 270°W heading at ST52C indicated hydrocarbon
contaminants at the 50-m and 100-m stations with a decrease away from the platform and with
change from petrogenic to biogenic hydrocarbons. Sediments at the 20-, 50- and 100-m stations,
however, were also different in sediment texture from those farther removed from the platform.
Shell hash at the 20-m station prevented successful box coring. Difficulty in reoccupying the same
sediment types during July at the Chevron platform and the gradient of sediment types caused us to
drop this platform from the study. Details of this study site as obtained through June 1990 are
provided in this report.

Sampling during the mid-June, mid-July and mid-August hypoxic period was continued at
Shell WD32E, Unocal ST53A and Unocal ST53B as previously planned. These study sites were
the foci for this and other research programs related to hypoxia dynamics.

3.2 Instrument Deployments

The instrument mooring with current meters, particle traps and near-bottom continuously
recording oxygen meter as part of the Rabalais, Turner and Wiseman hypoxia studies was
deployed in March 1990 at ST53B. Recovery of the oxygen meter in mid-May 1990 indicated a
problem with the instrument and loss of the first 2-month's record. Problems with the meter were
not anticipated, nor could they be corrected after the fact. The meter had been deployed from June
through December 1989 without any problems in the machinery. Our retrieval and maintenance
schedule was changed from bi-monthly to monthly, in order to minimize data loss due to
instrument failure. Data was recovered from mid-May through mid-October, when the mooring
was taken out of the water prior to the scheduled removal of the ST53B platform by Unocal.
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We had expected the second oxygen meter to be deployed by mid-May 1990 at Shell's
WD32E but we were delayed until mid-June. Data were recovered from mid-June through mid-
October, when the mooring was taken out of the water. The delay in receipt of the second meter

caused problems in that not as complete an oxygen record was available as anticipated or desired
for the WD32E area.

Oxygen meter data for all study sites was supplemented with CTD/DO casts
(conductivity/temperature/depth and dissolved oxygen) at monthly intervals during the study, or
during other hypoxia studies of Rabalais and colleagues.

3.3 Ancillary Studies

Several additional sources of funding and activities related to the distribution and dynamics
of hypoxia were conducted concurrently and subsequently to this MMS/LUMCON University
Initiative project. Funding from the Louisiana Board of Regents LEQSF initiated the instrument
mooring at ST53B, monthly cruises during 1989 and 1990, and a shelfwide survey in 1990.
Funding from the NOAA NECOP program to Drs. Rabalais, Turner and Wiseman continued the
primary instrument mooring and monthly and shelfwide cruises in 1990 and 1991. N. N. Rabalais
collaborated with Dr. Donald E. Harper, Jr. of Texas A&M University of Galveston, under
auspices of the NOAA NECOP program to follow the post-hypoxia recovery period and the spring
recruitment period of the stations sampled for the MMS-University Initiative study and to continue
a single station into the subsequent hypoxic period. We further proposed to compare the results of
the ongoing investigation with previous studies from the southeastern Louisiana shelf to areas off
the southwestern Louisiana coast and the upper Texas coast, where hypoxia is more of an
ephemeral event, not necessarily occurring every year. Additional projects were funded by the
NOAA NURC program (with remotely operated vehicle (ROV) and diving experiments and
observations) to study benthic and demersal communities in relationship to hypoxic bottom waters
during mid-summer 1990. Supplemental vessel rental funds were obtained from the Louisiana Sea
Grant College program to support the extra collections of benthos during post-hypoxia and the
following recruitment period. An unfunded ancillary project was conducted at a single station
(C6A) to examine the vertical distribution of foraminiferans and macroinfauna through time in
1990 and 1991.

These various programs provide a much more informative and broader description of the
effects of hypoxia on benthic fauna over a 2-year period. Several of these other programs are
nearing completion or are still in analyses phases. The focus of this report will be upon those
samples collected as part of the MMS/LUMCON University Initiative, at the four designated
platforms, for the collections in 1990 during hypoxia, with some additional information provided
for post-hypoxia recovery (NOAA NECOP work of Rabalais and Harper).
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CHAPTER 4. METHODS
4.1 Field Studies

Field surveys were conducted during 16-18 April, 15-17 June, 16-18 July, 14-16 August,
17-20 September, and 15-18 October at the three or four study sites. Additional samples for
hydrographic data were taken in the vicinity of the study sites at other times during 1990, and on a
broad-scale on the southeastern shelf during two cruises in July 1990. Research cruises were
conducted aboard the LUMCON vessels R/V Pelican or R/V Acadiana. Navigation was by Loran
C of the respective vessels, which differed somewhat in their signals. Waypoints, or TDs, were
recorded from both Loran C units for intercomparison of navigation data. Station distances from
each platform were placed as closely as possible at 20, 50, 100, 250, 500, 750 and 1000 m
intervals away from the discharge point. A buoy was set at each distance, and the research vessel
positioned as close as possible to the buoy during sample collections. The platform and station
configurations are shown in Figures 4-6.

At all study sites, hydrographic profiles were obtained from at least one station during each
sample period. With the exception of July synoptic cruises, water column measurements were
made at 1-m (sometimes 0.5-m) intervals with a Hydrolab Surveyor II CTD unit for water
temperature, salinity, conductivity, pH and dissolved oxygen. Water samples for verification of
conductivity measurements were taken for salinity determinations on an AGE "Minisal” Model
2100 salinometer. Pre- and post-cruise calibration of the Hydrolab over the previous four years of
operation in various LUMCON research programs has verified it as a reliable instrument. The
Hydrolab sonde unit is returned to the factory for a yearly maintenance and calibration check.
During the broad-scale July cruises, hydrographic data were recorded as continuous profiles with
the Pelican SeaBird CTD/DO system. Temperature and conductivity probes on the SeaBird system
are factory-calibrated. The dissolved oxygen sensor is set on an estimated upper- and lower-end
concentration prior to each cruise; actual concentrations are calculated based on Winkler titrations
(Parsons et al. 1984) across the full range of values and conducted on board the vessel during the
cruise. Water samples for Winkler titrations and conductivity were collected from 5-1 Niskins
taken to a known depth, or from bucket samples for surface waters.

Continuous oxygen measurements were recorded with Endeco 1184 oxygen meters
deployed approximately 0.5- to 1-m from the bottom at Unocal ST53B and Shell WD32E. The
oxygen meter at Unocal ST53B was supplemented with near-surface and near-bottom particle traps
and current meters with CT probes; the heavily instrumented mooring was part of the hypoxia
studies of Rabalais, Turner and Wiseman. Probes, battery packs and data cartridges for the
Endeco 1184 meters were replaced on monthly or bimonthly schedules. Probes were pre- and
post-calibrated in the laboratory with the aid of an Endeco 1125 laboratory unit, temperature-
controlled manifold, mixed gases of known concentrations, and supplemental Winkler titrations in
accordance with specifications for the Endeco 1184 and 1125 (Endeco 1988). Post-calibration
values and comparisons between Endeco 1184 recordings and Hydrolab measurements were made
to correct Endeco 1184 values as needed or to delete any suspect data.

Sediment samples were collected with an Ekman-type closure 0.1-m? box corer with
an average penetration of 20 cm and a minimum penetration of 10 ¢cm in sandy, well-sorted
sediments. Surface grain size and total organic carbon (TOC) samples were taken using 60-
cc piston core syringes down to a depth of 5 cm. Samples were bagged, frozen, and
returned to the laboratory. Similar samples were taken for surficial sediment radionuclides,
but refrigerated for return to the laboratory. Sediment samples for hydrocarbon and trace
metal analyses were taken in triplicate (60-cc piston core down to 5 cm) from a single box
core and combined in a solvent-cleaned glass jar, refrigerated, and returned to the laboratory
for analysis.
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BASELINE SEDIMENT SAMPLING
SOUTH TIMBALIER BLKS. 51 & 52
CHEVRON PLATFORM ST 52C

1000
TRANSECT 015° NNE
750 FROM NE CORNER
OF PLATFORM
500
250 ‘
0.20 | 100 X PRODUCE@éﬂ&?ﬁH
1000 50 0 DISCHQéD’ 20,020 BPD
750 500
250
TRANSECT 270° WEST
FROM NE CORNER
CF PLATFORM

Figure 4. Location of transects and stations away from Chevron U.S.A., Inc. South
Timbalier 52 A complex, "C" platform (=CV).
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BASELINE SEDIMENT SAMPLING
SOUTH TIMBALIER BLK. 53
UNOCAL PLATFORMS ST 53, AA AUX AND ST 53 B

1000 TRANSECT 250° SW
FROM SW LEG
OF PLATFORM A AUXILIARY
* PRODUCED WAFER
DISCHARGE 5000 BPD TRANSECT 250° SW
FROM SW LEG
OF PLATFORM B
o[
000 50
100

500

B PLATFORM WAS REMOVED IN 1990.
NO PRODUCED WATER DISCHARGES
WERE MADE FROM THIS PLATFORM.

Figure 5. Location of Unocal South Timbalier 53A and A-Aux. and 53B, transects and
stations.
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BASELINE SEDIMENT SAMPLING
WEST DELTA BLKS.32 & 33
SHELL OFFSHORE PLATFORM WD 32E

REFERENCE SITE

WD 33 WD 32

X PRODUCEgéy#TER
DISCHARGE 19,000 BPD

750  TRANSECT 255° SW
FROM SE CORNER

OF PLATFORM
1000

Figure 6. Location of Shell Offshore Inc. West Delta 32E platform with transect and stations and
reference station in West Delta block 33.
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Sediment samples for benthic macroinfaunal analysis were taken with a small, hand-
operated Ekman grab (0.023-m2 surface area) from the larger box corer. The entire contents of the
smaller Ekman grab were used. The volume of the sediments collected was noted, if the sample
appeared not to have penetrated to a suitable depth. Five replicates per station, one from each of
five separate box cores, were taken. Samples were sieved in the field through a 0.5-mm screen. If
time or logistics did not allow, the samples were placed in buckets, preserved, and returned to the
laboratory for sieving. The organisms retained on the sieve and debris were preserved in 10%
buffered formalin in ambient water stained with Rose Bengal.

4.2 Laboratory Analyses and Quality Control
4.2.1 Sedimentary Characteristics

Grain size distributions were determined at LUMCON using a Coulter Multisizer with 256
channelizer capability. This instrument allows rapid processing of samples and accurate particle
sizing down to 0.3 um. Three aperture tube sizes were used in the analysis: 280 m, 140 itm and
50 um. Samples were sieved through a 60-um Nitex screen before analysis with the 140-um
aperture tube, and through a 20-um Nitex screen before analysis with the 50-um aperture tube.
Coulter Accucomp software was used to overlay distributions from each tube, and sand, silt and
clay fractions were identified using the final combined distribution. Coarser samples were also
sieved to isolate larger sand particles unsuitable for Coulter Multisizer analysis. Where appropriate
these sand measurements were combined with the Coulter Multisizer data, assuming a constant
particle density for the sand fraction, to produced a total grain size distribution. Grain size is
described according to the sand, silt and clay fractions. In characterizing sediment grain size, silt
and clay fractions are frequently combined and described as mud.

Sediment samples for TOC were ground and carbonate material was removed using
hydrochloric acid. Subsamples for analysis were weighed on a Cahn micro-balance. The analysis
was conducted at LUMCON using a Control Equipment Elemental Analyzer, Model 240XA with a
multisampler injector. Duplicate samples for the maximum and minimum TOC readings for each
study area were performed for quality control.

4.2.2 Hydrocarbons

Hydrocarbons are ubiquitous in marine sediments and originate from sources that are 1)
biogenic, including marine and terrestrial inputs, 2) petrogenic, anthropogenic inputs of petroleum
from a variety of sources and also natural petroleum inputs, 3) pyrogenic, from incomplete
combustion of fossil fuels and contemporary organic matter as well as from natural combustion
processes, and 4) diagenetic, the production of hydrocarbons from other organic molecules
through mediation of time, temperature or microbial activity (Boehm and Requejo 1986). The
hydrocarbon assemblage of any marine sediment usually consists of a mixture of these source
materials. The distribution of organic constituents in general, and hydrocarbons in particular, in
continental shelf sediments are usually related directly to total organic carbon content and inversely
related to grain size (Boehm and Requejo 1986). Particular attention in this study was devoted to
the total saturated hydrocarbon concentration (resolved and unresolved), semivolatile analyses, the
relative proportion of alkylated polynuclear hydrocarbons and parent polynuclear hydrocarbons,
and a fossil fuel pollution index.

Sediment samples for hydrocarbon analyses were extracted and analyzed by the LSU
Institute for Environmental Studies under the direction of E. B. Overton. The sediments were
extracted using a sediment tumbled extraction method (MacLeod et al. 1985) and analyzed using a
Hewlett Packard Model 5890 gas chromatograph equipped with a J&W, 30 m, DB-5 capillary
column and interfaced directly to a Hewlett Packard 5970B mass spectrometer (GC/MS). The
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mass spectrometer was used in selected ion monitoring mode to produce extracted ion
chromatograms (EIC) in order to detect trace quantities of analytes in complex matrices.
Concentrations are recorded per gram dry weight of sediment. Results of analyses of analyte-
spiked sediments verified that the analysis produced compound recoveries which were generally
within EPA (U.S. Environmental Protection Agency) acceptance criteria. In the few cases of spike
recovery data which were outside the acceptance criteria, the deviation was at the upper end (>
100% recovery) in a sample for which the lack of duplicate analyses made the non-spike analyte
concentrations less precise than in all other cases.

Semivolatile hydrocarbon analysis targeted a combination of compounds (see lists in
Appendix D) that were chosen because of 1) relative abundance in petroleum sources such as crude
oil and produced water, 2) potential to partition into the sediments and accumulate due to low water
solubilities, and 3) persistence in the environment (Rabalais et al. 1991a). In addition to petrogenic
compounds, common pyrogenic compounds (i.e., fluoranthene, pyrene and higher molecular
weight polynuclear aromatic compounds (PAH)) were identified to aid in differentiating the
contaminant source. Sums of analytes are often used to distinguish 1) pyrogenic PAH, which are
the parent or non-alkylated PAH sources from the combustion of fossil fuels, although some
parent compounds, such as naphthalene and phenanthrene are also in crude oil, and 2) alkylated
PAH, which are various levels of alkylation of the parent PAH and are important constituents of
the petroleum hydrocarbons.

The fossil fuel pollution index (FFPI) (Boehm and Farrington 1984) indicates the relative
percentage of petroleum-derived hydrocarbons of the measured total PAH. The index is based on
the distribution of PAH in petroleum, which contains a relative abundance of alkylated homologs
of naphthalene, phenanthrene and dibenzothiophene compared to their unalkylated parent
compounds. Crude oil would have an FFPI of about one. As the petroleum-derived hydrocarbons
decrease and/or the pyrogenic hydrocarbons increase, the index is reduced. A value of 0.5 along
the continuum from 0 to 1 is considered the boundary between petrogenic and pyrogenic
characterization. The FFPI used for this study is derived from that of Boehm and Farrington
(1984):

FFPI = [Xnaphthalenes (Cy-C3) + Xdibenzothiophenes (Cy-Cs) +
1/2 ¥ phenanthrenes (Cy-C;) + Xphenanthrenes (C-C3)l/>PAH
C,, = number of alkyl carbons substituted

2PAH = sum parent PAH and alkylated naphthalenes, dibenzothiophenes, and
phenanthrenes

Saturated hydrocarbons were determined by an extracted ion/internal standard method
using mass 85. Total saturated hydrocarbons (aliphatics), total resolved saturated hydrocarbons
and total unresolved saturated hydrocarbons were determined using a response factor based upon a
standard containing nC-15 to nC-30 alkanes, pristane, phytane and squalane and
hexamethylbenzene as a surrogate standard. Total resolved hydrocarbons were determined by a
valley-to-valley integration technique, total saturated hydrocarbons by integrating the entire
chromatogram, including the unresolved complex mixture, as a single peak. The total unresolved
saturated hydrocarbons were determined by subtracting the resolved saturated hydrocarbons from
the total.

4.2.3 Trace Metals

Sediment trace metal analyses were performed under the direction of R. P. Gambrell at
LSU's Wetland Biogeochemistry Institute. The wet sediment was well mixed, and a 0.75- to 1-g

26



sample was dried, ground and then extracted for 6 hr with 10 ml of concentrated nitric acid,
gradually increasing the temperature over an additional 2-hr period to a maximum of 130°C to
complete the digestion. Heating was continued until 0.5 to 0.75 ml of acid remained. The acid
was cooled, then brought to 35 ml with deionized water. The samples were sealed, the contents
mixed thoroughly, and allowed to settle for a couple days to favor flocculation of clay particles and
reduce the need for filtration The samples were analyzed on a Jarrell-Ash Model 855 inductively
coupled argon plasma emission spectrometer (ICP). Reagent blanks and quality control samples
were analyzed to check on possible reagent contamination and instrument performance. Elements
analyzed included copper, zinc, cadmium, lead, chromium, nickel, iron, manganese, calcium,
magnesium, arsenic, phosphorus, aluminum, potassium, sodium, barium and vanadium.
[Mercury which requires a separate process was not analyzed.] Not all elements were analyzed for
each sediment sample, but the major elements expected to be present in produced waters (Rabalais
etal. 1991a) were. All elements, with the exception of barium and vanadium, were analyzed on a
fixed detector. For barium and vanadium, a variable emission wavelength spectrometer and
detector, supplemental to the main instrument, was used. For the April and June Ba and V
samples, two different ICP instruments on the LSU campus were used to confirm the performance
of the primary instrument located in the Wetland Biogeochemistry Institute. Most samples were
analyzed in duplicate, and the average values are reported (Appendix C).

4.2.4 Radionuclides

Because previous studies have indicated that Pb-210 inventories in surficial sediments may
not be a useful environmental variable to characterize the dispersion of a production platform's
effluent (Rabalais et al. 1991a), a selected number of surficial sediment samples were sent to
International Technology Corp., Oak Ridge, Tennessee, for analysis. In addition, because of
regulatory concerns over produced sand discharges, Shell Offshore Inc. processed a series of
sediment samples from this MMS/LUMCON University Initiative as well as other LUMCON
hypoxia studies sediment samples for Ra-226 and Ra-228. Radium analyses were conducted by
Shell Development Company, Bellaire Research Center, Houston, Texas and Core Laboratories,
Casper, Wyoming (Randolph 1991, Randolph et al. 1992).

4.2.5 Benthos

Macroinfaunal samples were transferred to the sorting laboratory at LUMCON where they
were logged into a laboratory record book by sample code, number of containers per sample, and
date received. In the laboratory the formalin was decanted over a 0.5-mm sieve inside a fume
hood. The samples were rinsed with water and decanted a second time after settling of the
organisms. The samples were sorted in water from gridded dishes under a dissecting microscope.
Organisms were counted and identified to the lowest possible taxon. Organisms normally
considered part of the meiofauna (nematodes and harpacticoid copepods) were not included in the
macroinfaunal analysis. Data were entered into dBase data files. A collection of voucher
specimens from the benthic infaunal samples was retained in a Reference Collection. The debris
from the sample was rechecked by another technician for any missed organisms. If organisms
were found, the sample was resorted. Quality control measures included resorting all samples.
For those samples identified by D. E. Harper, Jr. as part of the NOAA NECOP study of Rabalais
and Harper, inter-laboratory coordination of taxonomy was conducted by the LUMCON
taxonomists to ensure consistency in data. Benthic macroinfaunal analyses were conducted under
the direction of N. N. Rabalais.

4.3 Statistical Methods
Standard benthic community parameters were determined for each station and included

number of species per replicate, number of individuals per replicate, diversity (H') and evenness
("). Diversity was calculated by the following formula:
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where s = total number of species collected, n = number of individuals of each species, and N =
total number of individuals. Evenness was calculated by the formula:

J t — Hl
logas

Basic statistics were computed using procedures of the Statistical Analysis System (SAS Institute,
Inc. 1982).

Infaunal data were analyzed using the General Linear Models procedures for analysis of
variance (SAS Institute, Inc. 1982). Data were transformed to meet the assumptions of
homogeneity of variance and normal distribution. Natural log (x + 1) transformations were
performed. Duncan's multiple range test was performed to identify significantly different stations
within a group. The level of significance was established at P < 0.05.

The results of the field assessments were consolidated into a multi-component data base for
characterizing the effects of production discharges and hypoxia on the sediments and benthic biota.
The data base was developed so that information on each station/sample date was consolidated.
General hydrocarbon and trace metal data were combined with hydrographic data, sedimentological
data and benthic community data. Standard benthic community parameters, including number of
species, number of individuals and measures of species diversity were entered into the data base.

The data provided the information needed to define the spatial and temporal scale of
impacts. Differences in parameters (where replicated) were tested by analysis of variance and
general linear model analyses (SAS Institute, Inc. 1982). Simple correlations and multiple
regression analyses were used to relate species assemblage properties to location and
environmental parameters. Where appropriate, multiple regression models were generated to
determine the level of variability in the benthic community that could be attributed to the various
environmental factors.
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CHAPTER 5. CHARACTERIZATION OF ENVIRONMENTS
5.1 Conditions of Hypoxia

The 1990 season of hypoxia, as monitored off Terrebonne/Timbalier Bays and at ST53B
(=C6A) in the hypoxia studies of Rabalais et al. (1991b, 1992b, unpubl. data) (Figure 1), was
unusual from the previous five years in that hypoxia occurred earlier and more persistently in the
spring, hypoxia was more severe through the summer months, hypoxic bottom waters occurred
farther offshore and in deeper waters, long periods of anoxia were documented, and the generation
of hydrogen sulfide in the bottom waters was recorded more often. For the only previous year in
which bi-weekly or monthly samples were taken along the C transect for the entire year (1986),
hypoxia occurred in mid-April to mid-June but in small patches and intermittently. For the few
monthly samples available for 1989, hypoxia was not recorded until early August (Figure 7). The
1989 hypoxia season, however, was characterized by a tropical depression which entered the area
in June and anomalous current patterns during spring 1989 when winds blew water consistently
towards the east along the Louisiana inner shelf, opposite to the direction of normal flow
(Wiseman et al. 1992).
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Figure 7. Comparison of temporal variation in near-bottom water oxygen concentrations for
stations C6A in 1989 and 1990 (Rabalais et al., unpubl. data).
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In 1990, monthly cruises along the C transect documented widespread, severe and
persistent areas of hypoxia/anoxia (Figure 8). The oxygen meter also recorded persistent hypoxia,
and often anoxia, at station C6A (=Unocal B, ST53B) for much of the record between 24 May and
15 October 1990 (Figure 9) (Rabalais et al. 1992b). The importance of stratification in the
maintenance of hypoxia is evident from the differences in near-surface and near-bottom
temperature, as a surrogate for density measures, in the time series for station C6A in 1990 (Figure
9). We observed the breakdown in stratification at the end of the hypoxic season and the
associated reestablishment of oxygenated bottom water (Wiseman et al. 1992). Weaker mixing
events, which did not fully destroy the stratification, were also reflected in increased bottom
oxygen concentrations.

For those stations located in the vicinity of South Timbalier Blocks 52 and 53 (Chevron
ST52C, Unocal STS3A = C6, and Unocal ST53B = C6A), dissolved oxygen concentrations in
near-bottom waters among these platforms were very similar for any sampling period (Table 2).
Hydrographic profiles were also similar for stations closest in time and location (Appendix A), as
well as water column chlorophyll a and phaeopigment biomass and nutrients (Rabalais et al.
unpubl. data reports). Continuous oxygen recordings were not available for Chevron ST52C and
Unocal ST53A, but were assumed to be similar to that obtained for Unocal ST53B.

Table 2. Comparison of near-bottom oxygen concentrations at study sites during 1990. Values
closest in time and location bracketed.

Platform Date Time Oxygen
Concentration (mg/1)
Unocal STS3A 4/16/90 1046 2.78
Unocal ST53B 4/16/90 1410 3.50
Chevron ST52C 4/18/90 0220 2.77
Shell WD32E 4/18/90 0825 4.73
Unocal STS3A 5/17/90 2341 0.26]
Unocal ST53B 5/17/90 1653 0.40
Unocal STS3A 6/16/90 0630 0.80
Unocal STS3A 6/17/90 1445 0.92 ]
Unocal ST53B 6/17/90 1020 1.69
Shell WD32E 6/15/90 1531 0.26
Shell WD32E 7/11/90 1813 0.82
Unocal ST53B 7/16/90 1437 0.19
Unocal ST53B 7/18/90 2305 0.42
Unocal STS3B 7/24/90 1640 0.33
Shell WD 32E 7/17/90 2045 3.06
Unocal STS3A 8/15/90 1231 0.28
Unocal STS3A 8/16/90 1410 0.24]
Unocal STS3B 8/16/90 1020 0.18
Shell WD32E 8/14/90 1422 2.06
Unocal STS3A 9/17/90 1240 0.25 ]
Unocal STS3B 9/17/90 1330 0.22
Unocal STS3A 9/20/90 0715 0.20]
Unocal ST53B 9/20/90 0835 0.17
Shell WD32E 9/19/90 1140 2.15
Unocal ST53B 10/15/90 1120 4.86
Unocal STS3A 10/16/90 1250 3.85
Unocal ST53B 10/16/90 1340 3.80
Unocal STS3A 10/18/90 0530 2.34
Shell WD32E 10/17/90 1545 1.96
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TRANSECT C - 1990
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Figure 8. Time sequence of cross-shelf profiles for transect C in 1990 with stippled area

indicating values of oxygen < 2 mg/l and dark areas, values of oxygen < 1 mg/l
(modified from Rabalais et al. 1992b).
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Figure 9. Time series (from top to bottom) of near-bottom dissolved oxygen, near-surface
and near-bottom temperature, low-passed near-bottom currents and wind pseudo-
stress. Stick diagrams have been rotated 90° clockwise. Period of record is May
24, 1990 through October 15, 1990. (From Rabalais et al. 1992b, Wiseman et

al. 1992).
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The flow of the Mississippi River was high for 1990, with a crest in March and another in
June (Figure 10). The long-term average period of high flow is in April. Surface salinities at the
mooring site in 1990 were considerably lower than normal (Figure 2) in March, April and June.
The unusually high volume of freshwater present on the shelf late into spring and early summer
contributed to greater intensity of density stratification.

On a shelfwide scale for mid-summer 1990, hypoxia was widespread along the
southeastern Louisiana shelf between Barataria and Atchafalaya Bays, but not so much on the
southwestern Louisiana shelf (Figure 1). The size or areal coverage was similar to previous and
subsequent years, but the configuration of the areas was different. The area of hypoxia in the
Mississippi River Delta bight near Shell's West Delta 32E platform (also near stations A3 and A4
of Rabalais et al., Figure 1) was constricted to a narrow depth range between the birdsfoot delta
and Caminada Pass. Also the interface of normoxic/hypoxic waters is often near stations A3 and
A4 (Figure 1 for 1991, and similar distributions for 1987, 1989 and 1991). Based on the mid-
summer Synoptic surveys, it appears that there is more variability in the configuration of the
hypoxic area within the Mississippi River Delta bight than in the area off
Terrebonne/Timbalier Bays. It may not be surprising, therefore, that the continuous oxygen
record for West Delta 32E shows incursions in and out of hypoxic conditions, with no
extremely low levels for prolonged periods (Figure 11).

Tidal currents on the northern Gulf of Mexico continental shelf are generally weak and
diurnal. Tidal ellipses are generally oriented in the cross-shelf direction. Inertial currents and
internal tides are also important in this region (Daddio et al. 1978). Time series analysis of the
near-bottom oxygen record (Figure 11) for C6A indicates no consistent signal, because of the
prolonged periods of anoxia in 1990. Where there was variation, however, the oxygen record
contained brief bursts of diurnal energy; these were not of sufficient duration to determine if they
were coherent with lunar or solar forcing (Wiseman et al. 1992). Coherence analysis of the
longest available records (C6A, 1990, Figure 11) suggests a statistically significant association in
the diurnal frequency band with the cross-shelf currents being coherent with the oxygen (Wiseman
etal. 1992). A similar spectrum analysis of 3000 hours of the oxygen record for the same period
at Shell WD32E produced clear peaks at the K1 and O1 tidal periods. This is not definitive
evidence of tidal advection, because it would require more than one year of continuous record to
allow separation of the K1 and 24-h peaks. The fact that the K1 and O1 peaks in the record are of
similar magnitude strongly suggests an advective source for the peaks, since tidal analyses from
this region also produce nearly equal amplitude K1 and O1 peaks. The incursions in and out of
hypoxia indicate the WD32E platform was near the edge of a hypoxic water mass that moved
across the area in response to tidal currents. The narrowness of the areal extent of hypoxia
recorded in the mid-summer cruise in the vicinity of WD32E supports this observation.

5.2 Sedimentary Characteristics

As anticipated from the initial reconnaissance survey in April 1990, the sedimentary
characteristics of the four study sites differed considerably from each other, and within some of the
study sites there was considerable spatial and temporal variability. The grain size distributions of
the study sites are shown in Figures 12-15 and detailed in Appendix B. Sediment TOC values
(Appendix B) were consist